Introduction {#sec1-1}
============

Microtubules are components of the eukaryotic cytoskeleton that are essential for a wide variety of cellular functions, including cell motility, transport, shape, polarity, and mitosis. In the nervous system, microtubules are important for determining neuronal morphology, axonal and dendritic cellular polarity, plasticity and stability of axons and dendrites, and axonal transport (Gupta et al., 2008; Rodríguez-Martín et al., 2013; Pedersen and Sigurdsson, 2015). Microtubule-associated proteins (MAPs), as their name indicates, interact with microtubules, mediate microtubule assembly and stabilization, and influence the interactions and spatial patterns of microtubules (Black and Kurdyla, 1983). MAPs are composed of MAP1 (including MAP1a and MAP1b), MAP2, MAP4, and tau proteins. Among these MAPs, tau is ubiquitously expressed in most tissues and organs and is most abundant in the neurons of the central nervous system (Gorath et al., 2001; Kumar et al., 2015).

Due to mRNA alternative splicing and multiple posttranslational modifications (Chambers and Muma, 1997; Iqbal et al., 2005; Iqbal et al., 2009), many subtypes of tau protein exist and play different roles in neuronal growth and axonal transport (Rodríguez-Martín et al., 2013; Dai et al., 2015; Ando et al., 2016). It has been well demonstrated that tau proteins are involved in neurodegenerative diseases, such as frontotemporal lobar degeneration, chronic traumatic encephalopathy, Parkinson\'s disease, and especially, Alzheimer\'s disease. In the brains of patients with Alzheimer\'s disease, tau protein is abnormally hyper-phosphorylated and aggregated to form neurofibrillary tangles, which then induce neuronal dysfunction and degeneration of the central nervous system (Kim et al., 2016). In addition to its involvement in neurodegenerative diseases, tau protein is also associated with the repair and regeneration of the central nervous system. Protein levels of tau are reportedly elevated in regenerating axons of the ventral fascicule (Yin et al., 1995), and tau protein has been identified and used as a biomarker of traumatic brain injury (Liao et al., 2008; Kövesdi et al., 2010).

Besides its critical role in the central nervous system, tau protein is also expressed in the peripheral nervous system (Nunez and Fischer, 1997). Wu et al. (2010) showed that recombinant human bone morphogenetic protein-2 upregulates tau protein expression and increases axonal regeneration after facial nerve injury, suggesting that tau protein may be involved in the process of peripheral nerve repair and regeneration. However, the expression pattern and the specific roles of tau protein following peripheral nerve injury have not yet been determined with certainty.

In the current study, we used a rat sciatic nerve crush model to study the mRNA and protein expression patterns of tau and to identify the contribution of tau protein to peripheral nerve repair and regeneration.

Materials and Methods {#sec1-2}
=====================

Rat sciatic nerve crush surgery and tissue preparation {#sec2-1}
------------------------------------------------------

Sixty clean male Sprague-Dawley rats weighing 180--200 g and aged 2.5 months were provided by the Experimental Animal Center of Nantong University of China (animal license No. SCXK \[Su\] 2014-0001 and SYXK \[Su\] 2012-0031). All animal procedures were performed in accordance with the Institutional Animal Care Guidelines of Nantong University, China, and approved by the Administration Committee of Experimental Animals, Jiangsu Province, China.

Rats were equally randomized to five groups according to the time post injury (0, 1, 4, 7, and 14 days). All rats were anesthetized with mixed narcotics, including 85 mg/kg trichloroacetaldehyde monohydrate, 42 mg/kg magnesium sulfate, and 17 mg/kg sodium pentobarbital (Ruijie, Shanghai, China). The rats underwent an operation to crush the left sciatic nerve as previously described (Yi et al., 2015). Briefly, a skin incision was made on the lateral aspect of the mid-thigh of the left hind limb. The sciatic nerve was exposed and then crushed three times with forceps (54 N), for 10 seconds each. The muscle and skin were sutured. At 0, 1, 4, 7, and 14 days following nerve injury, sciatic nerve segments 5 mm in length at the injury site were harvested and then stored at −80°C.

Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) {#sec2-2}
-------------------------------------------------------------------------------

The total RNA in stored sciatic nerve segments from four rats in each group was extracted using Trizol Reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s instructions. The quality of purified RNA samples was examined using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), and the quantity of RNA was determined using a NanoDrop ND-1000 spectrophotometer (Infinigen Biotechnology Inc., City of Industry, CA, USA). Following quality and quantity determinations, extracted RNA samples were reverse-transcribed to cDNA using a PrimeScript reagent kit (TaKaRa Biotechnology Co., Ltd., Dalian, Liaoning Province, China). PCR was then conducted in triplicate for each sample with SYBR Green Premix Ex Taq (TaKaRa) using specific primer pairs with an Applied Biosystems StepOne Real-Time PCR system. The sequences of PCR primer pairs were as follows: MAP tau (MAPT) primer pairs, (forward) 5′-AAG AAG CAG GCA TCG GAG AC-3′ and (reverse) 5′-CCT TGG CTT TCT TCT CGT CA-3′; tau tubulin kinase 1 (TTBK1) primer pairs, (forward) 5′-ACT GAG TAC CAC ACT GCG TC-3′ and (reverse) 5′-CGT CCC CAG TGG TGT TAG TG-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer pairs, (forward) 5′-CCT TCA TTG ACC TCA ACT ACA TG-3′ and (reverse) 5′-CTT CTC CAT GGT GGT GAA GAC-3′ The thermal cycling program consisted of 2 minutes at 95°C; 40 cycles of 30 seconds at 60°C, 45 seconds at 65°C, and 30 seconds at 72°C, followed by 5 minutes at 72°C. The quality of the PCR products was validated by the appearance of a single peaked curve, which presents a single product. The expression level of each mRNA was calculated using the threshold cycle (Ct), and the relative quantification of mRNA was conducted by the comparative 2^−∆∆Ct^ method, with GAPDH as the reference gene.

Western blot assay {#sec2-3}
------------------

Protein samples of stored sciatic nerve segments from four rats in each group were extracted using the Mammalian Tissue Protein Extraction Reagent (Biocolors, Shanghai, China) and 2.0 μg/mL aprotinin. Briefly, sciatic nerve segments on ice were minced with eye scissors, homogenized in lysis buffer, and then centrifuged using a microcentrifuge for 20 minutes at 4°C. Following centrifugation, the collected supernatant was mixed with β-mercaptoethanol, glycerin, and bromophenol blue, and incubated at 100°C for 10 minutes. The concentration of protein in the samples was determined using a modified Lowry method (Shen et al., 2013) according to the instruction manual provided for the DC Protein Assay kit (Bio-Rad, Hercules, CA, USA). Equal amounts of protein samples were loaded on 10% sodium dodecyl sulfate gradient gels. Following electrophoresis, proteins were transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). Membranes were blocked with 5% nonfat dry milk or bovine serum albumin for 2 hours at room temperature, probed with rabbit anti-total tau polyclonal antibody (1:500; Abcam, Cambridge, MA, USA), rabbit anti-p-tau (Ser 404) polyclonal antibody (1:500; Thermo Fisher Scientific, Waltham, MA, USA), or mouse anti-rat GAPDH monoclonal antibody (1:1,000; Pierce, Rockford, IL, USA) overnight at 4°C, and then incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:1,500; Pierce) for 1 hour at room temperature. The blots were developed with Pierce Enhanced Chemiluminescence Western Blotting Substrate (Thermo Fisher Scientific). Quantification was performed using Quality One software (Bio-Rad). All data were derived from independent experiments in triplicate for increased reliability and accuracy.

Immunofluorescence labeling {#sec2-4}
---------------------------

At 0, 1, 4, 7, and 14 days post sciatic nerve crush, four rats from each group were intracardially perfused with 4% freshly depolymerized, neutral-buffered paraformaldehyde. Sciatic nerves were excised, immersed, and post-fixed in paraformaldehyde overnight at 4°C, and then dehydrated by 30% hypertonic sucrose solution for 48 hours. Following dehydration, tissues were embedded in Optimal Cutting Temperature compound and sectioned into 15-μm-thick slices on a cryostat microtome (CM3050, Leica Biosystems, Solms, Germany). Tissue slices with comparatively complete morphological structure were selected for subsequent observation. The slices were mounted on microscope slides, washed with phosphate-buffered saline, blocked with 5% goat serum for 30 minutes at room temperature, incubated with rabbit anti-total tau polyclonal antibody (1:200; Abcam) or rabbit anti-p-tau (Ser 404) polyclonal antibody (1:50; Thermo Fisher Scientific) overnight at 4°C, and then incubated with anti-rabbit Cy3 IgG (1:1,000; Sigma-Aldrich, St. Louis, MO, USA) for 2 hours at room temperature. Labeled sections were viewed with an optical and epifluorescence microscope (Axio Imager M2, Carl Zeiss Microscopy GmbH, Jena, Germany), and images were captured and analyzed using Zen 2 Pro software (Zeiss).

Statistical analysis {#sec2-5}
--------------------

Statistical analysis was performed using SPSS 15.0 software (SPSS, Chicago, IL, USA). Parametric data are reported as the mean ± SEM. Differences between groups were tested using one-way analysis of variance. *P* values less than 0.05 were considered statistically significant.

Results {#sec1-3}
=======

Tau mRNA expression following sciatic nerve injury {#sec2-6}
--------------------------------------------------

To investigate the relationship between tau and sciatic nerve regeneration, we first performed real-time quantitative RT-PCR to determine the mRNA expression level of tau. The mRNA encoding tau protein is designated MAPT. Compared with that for the uninjured control (0 day), MAPT mRNA expression was significantly decreased 1, 4, and 7 days following sciatic nerve crush (*P* \< 0.01). At 14 days post sciatic nerve injury, MAPT mRNA expression increased (*P* \< 0.05, *vs*. control; **[Figure 1A](#F1){ref-type="fig"}**).

![mRNA expression of MAPT and TTBK1 decrease following sciatic nerve injury.\
Relative expression of MAPT (A) and TTBK1 (B). The levels of the mRNAs encoding tau and TTBK1 were determined by real-time quantitative polymerase chain reaction. Expression levels of target genes were normalized to GAPDH. Data were summarized from three independent exprements, and values are shown as the mean ± SEM. Differences between groups were tested using one-way analysis of variance. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. 0 day. MAPT: Microtubule-associated protein tau; TTBK1: tau tubulin kinase 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; d: day(s).](NRR-11-1506-g002){#F1}

Considering the importance of tau phosphorylation, in addition to MAPT mRNA expression, the expression pattern of the mRNA encoding tau tubulin kinase 1, TTBK1, was also measured. Results from real-time quantitative RT-PCR suggested that, compared with the day 0 control, the mRNA expression of TTBK-1 was significantly increased 1 day post injury (*P* \< 0.01) and then decreased 7 and 14 days post injury (*P* \< 0.05 and *P* \< 0.01, respectively; **[Figure 1B](#F1){ref-type="fig"}**).

Tau protein expression following sciatic nerve injury {#sec2-7}
-----------------------------------------------------

Given the observation that MAPT mRNA expression levels were decreased post sciatic nerve crush, western blot assays were performed to detect the expression levels of phosphorylated tau (phospho-tau, Ser 404) and total tau proteins 0, 1, 4, 7, and 14 days following sciatic nerve injury. The results from these western blot assays demonstrated that both phospho-tau (Ser 404) and total tau were present in all samples, regardless of time post injury (**[Figure 2A](#F2){ref-type="fig"}**).

![Changes in protein expression of phosphorylated tau (phospho-tau Ser 404) and total tau following sciatic nerve injury.\
(A) Protein expressions of phospho-tau (Ser 404) and total tau 0, 1, 4, 7, and 14 days following sciatic nerve crush were determined by immunoblotting. Densitometric analysis was conducted to determine the relative abundance of phospho-tau (Ser 404) normalized to GAPDH (B), total tau normalized to GAPDH (C), and the relative optical density ratio of phospho-tau (Ser 404) to total tau (D). Data are summarized from three independent experiments, and values are shown as the mean ± SEM. Differences between groups were tested using one-way analysis of variance. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.0001, *vs*. 0 day. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; d: day(s).](NRR-11-1506-g003){#F2}

We also determined the relative optical density of the phospho-tau (Ser 404) protein band after normalization to that for GAPDH, used as a loading control, at each time point examined following sciatic nerve crush. Compared with the day 0 control, the relative optical density of the phospho-tau (Ser 404) protein band was significantly decreased 1 day post sciatic nerve injury (*P* \< 0.0001). At later time points, the relative optical density of phospho-tau (Ser 404) gradually increased (*P* \< 0.05; **[Figure 2B](#F2){ref-type="fig"}**). The relative optical density of the total tau protein band was also slightly decreased, although to a lesser extent, 1 day post injury (*P* \< 0.05). Similar to the relative density of phospho-tau (Ser 404), the density of total tau protein was also increased at later time points, reaching a maximum value 14 days post injury (*P* \< 0.0001; **[Figure 2C](#F2){ref-type="fig"}**).

We also determined the ratio of phospho-tau (Ser 404) to total tau at each time point. The results shown in **[Figure 2D](#F2){ref-type="fig"}** demonstrated that 1 day post injury, the ratio of phospho-tau (Ser 404) to total tau was decreased to less than 50%, while at 4, 7, and 14 days post injury, the ratio of phospho-tau (Ser 404) to total tau was elevated approximately 1.5-fold.

In addition to phospho-tau (Ser 404), we also measured the protein expression levels of other phosphorylated forms of tau protein in the sciatic nerve segment. However, we found that the amount of phospho-tau (Ser 214), phospho-tau (Ser 262), and phospho-tau (Ser 396) did not reach detectable levels (data not shown).

Tau localization following sciatic nerve injury {#sec2-8}
-----------------------------------------------

Immunofluorescence labeling was then performed, and the Cy3 fluorescence signals were detected to identify immunoreactive tau protein. At each time point examined following sciatic nerve crush, we observed the presence and localization of total tau and phospho-tau (Ser 404) in cross sections of dissected rat sciatic nerve specimens (**[Figure 3](#F3){ref-type="fig"}**). The localization of both total tau and phospho-tau (Ser 404) appeared to be unaltered with time following sciatic nerve injury.

![Localization of total tau and phosphorylated tau (phospho-tau, Ser 404) following sciatic nerve injury.\
Localizations of total tau and phospho-tau (Ser 404) were determined by immunohistochemical labeling (Cy3, red signals). Representative immunohistochemically labeled images of phospho-tau (Ser 404) and total tau are shown at 0, 1, 4, 7, and 14 days post sciatic nerve crush; d: day(s).](NRR-11-1506-g004){#F3}

The immunohistochemical signal intensity for total tau appeared unaltered 1 and 4 days post injury, but was slightly increased 7 and 14 days post injury (**[Figure 3](#F3){ref-type="fig"}**), whereas that for phospho-tau (Ser 404) was more markedly increased 4, 7, and 14 days post injury (**[Figure 3](#F3){ref-type="fig"}**). These results were consistent with those from our western blot assays (**Figures [2B](#F2){ref-type="fig"}**, **[C](#F2){ref-type="fig"}**).

Discussion {#sec1-4}
==========

We induced rat sciatic nerve crush and then measured the mRNA and protein expression levels of MAP tau in the sciatic nerve segments by performing real-time quantitative RT-PCR, western blot, and immunohistochemical labeling assays. Our results indicated that the expression level of the mRNA encoding tau was initially decreased following peripheral nerve injury, but then gradually increased. The tau protein expression level was also mildly decreased immediately after injury, but then later increased. The expression of the phosphorylated form of tau protein, phospho-tau (Ser 404), decreased to a level lower than that for the non-phosphorylated form 1 day post nerve injury.

Tau protein, a major MAP in the nervous system, interacts with tubulin to maintain microtubule structure stability (Gorath et al., 2001; Iqbal et al., 2009; Medina and Avila, 2015). Our results showed that, following sciatic nerve injury, expression levels of both tau mRNA and protein were first decreased and then increased. However, the expression patterns of MAPT and total tau protein were not wholly consistent with these results, suggesting the involvement of post-transcriptional modifications. The expression pattern of total tau protein was not exactly the same as that of phosphorylated tau (phospho-tau, Ser 404), indicating that the post-translational modification of tau may be critical for nerve repair and regeneration.

The phosphorylation state of tau protein is closely related to neurodegenerative diseases (Brelstaff et al., 2015). Normal tau protein phosphorylation prevents excessive assembly and maintains the stability of the microtubule structure, whereas aberrant hyper-phosphorylation of tau protein may lead to abnormal aggregation and may impair the nervous system (Iqbal et al., 2005, 2009; Kumar et al., 2015). Hyper-phosphorylation of tau may also lead to abnormal microtubule self-assembly. Kinases that phosphorylate tau protein may affect the phosphorylation state of tau and further affect the assembly and stability of microtubules. TTBK1 is a serine/threonine kinase that regulates tau phosphorylation. TTBK1 phosphorylates tau on serine, threonine, and tyrosine residues and thus induces tau aggregation (Sato et al., 2006; Liachko et al., 2014). In addition, the microenvironment may induce neuronal degeneration by altering the level of tau phosphorylation during neuronal development (Bihaqi et al., 2014). Our present results showed that during peripheral nerve regeneration, the abundance of not only total tau but also of phosoporylated tau was altered. In the early period following sciatic nerve injury, decreased total tau and phospho-tau (Ser 404) protein expression may have induced microtubule disassembly and remodeling and subsequent nerve regeneration. Nevertheless, increased total tau and phospho-tau (Ser 404) protein expression may also prevent immoderate microtubule disassembly and help maintain the structure and stability of the cytoskeleton. To further identify the specific roles of tau expression and phosphorylation in peripheral nerve regeneration in our future experiments, we plan to treat rats undergoing sciatic nerve crush with either exogenous tau protein or an antibody against tau protein to determine whether different amounts of tau affect the speed of regeneration and the outcomes of injured peripheral nerves.

The phosphorylation states of tau protein are regulated by a series of protein kinases and phosphatases, such as glycogen synthase kinase 3 beta (GSK-3β), cyclin-dependent kinase 5, protein kinase A, Ca^2+^/calmodulin-dependent protein kinase II, dual specificity tyrosine-phosphorylation-regulated kinase 1A, and protein phosphatase 1, 2A, 2B, and 5 (Qian et al., 2011; Jin et al., 2015; Sun et al., 2015). The various phosphorylation sites are dependent on specific protein kinases (Yu et al., 2014). Among the numerous phosphorylation sites, the phosphorylation of tau protein at Ser 404 is mediated by the activation of GSK-3β (Annamalai et al., 2015). Therefore, the GSK-3β signaling pathway may be important for tau-mediated peripheral nerve regeneration. Future studies will be performed to determine key kinases and phosphatases of tau phoshorylation post peripheral nerve injury. Additionally, in our future studies, we plan to treat rats undergoing sciatic nerve crush with protein kinases and phosphatases to increase and reduce tau phosphorylation, respectively, and observe the effect of tau phosphorylation.

Taken together, our present results suggest that the expression and phosphorylation of tau may be involved in peripheral nerve repair, and that modulating the phosphorylated form of tau protein may contribute to peripheral nerve regeneration. Our study helps to elucidate the importance of tau protein during peripheral nerve regeneration, and may benefit the identification of novel therapeutic targets for the treatment of peripheral nerve injury.
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